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(57) ABSTRACT 

A method to determine a rotation of a substrate with respect to 
the patterning device without using a reference mark on the 
Substrate is presented. At least two structures having corre 
sponding features and present on the Substrate, e.g. previ 
ously projected patterns, are imaged with a known position 
with respect to a measurement coordinate system. A distance 
vector between theat least two structures is determined. From 
the distance vector, a rotation angle is calculated. In an 
embodiment of the invention, there is provided a method to 
estimate a position of the Substrate from the acquired image 
(s). A position is measured and used as a reference position for 
Subsequent Substrates of which the rotation angle is to be 
determined. 
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1. 

DEVICE MANUFACTURING METHOD, 
ORIENTATION DETERMINATION METHOD 

AND LITHOGRAPHIC APPARATUS 

PRIORITY INFORMATION 

This application claims priority from European Patent 
Application No. 03077993.8, filed Sep. 22, 2003, the content 
of which is herein incorporated by reference in its entirety. 

BACKGROUND 

1. Field of the Invention 
The present invention relates to lithographic apparatus and 

methods. 
2. Description of the Related Art 
Lithographic projection apparatus can be used, for 

example, in the manufacture of integrated circuits (ICs). In 
Such a case, the patterning device may generate a circuit 
pattern corresponding to an individual layer of the IC, and this 
pattern can be imaged onto a target portion (e.g. including one 
or more dies) on a substrate (silicon wafer) that has been 
coated with a layer of radiation-sensitive material (resist). In 
general, a single wafer will contain a whole network of adja 
cent target portions that are successively irradiated via the 
projection system, one at a time. In current apparatus, 
employing patterning by a mask on a mask table, a distinction 
can be made between two different types of machines. In one 
type of lithographic projection apparatus, each target portion 
is irradiated by exposing the entire mask pattern onto the 
target portion at once; such an apparatus is commonly 
referred to as a wafer stepper or step-and-repeat apparatus. In 
an alternative apparatus—commonly referred to as a step 
and-scan apparatus—each target portion is irradiated by 
scanning the mask pattern under the projection beam in a 
given reference direction (the “scanning direction) while 
synchronously scanning the Substrate table parallel or anti 
parallel to this direction; since, in general, the projection 
system will have a magnification factor M (generally <1), the 
speedV at which the substrate table is scanned will be a factor 
M times that at which the mask table is scanned. More infor 
mation with regard to lithographic apparatus as here 
described can be gleaned, for example, from U.S. Pat. No. 
6,046,792, incorporated herein by reference. 

In a device manufacturing process using a lithographic 
projection apparatus, a pattern (e.g. in a mask) is imaged onto 
a substrate that is at least partially covered by a layer of 
radiation-sensitive material (resist). Prior to this imaging 
step, the Substrate may undergo various procedures, such as 
priming, resist coating and a soft bake. After exposure, the 
Substrate may be subjected to other procedures, such as a 
post-exposure bake (PEB), development, a hard bake and 
measurement/inspection of the imaged features. This array of 
procedures is used as a basis to pattern an individual layer of 
a device, e.g. an IC. Such a patterned layer may then undergo 
various processes such as etching, ion-implantation (doping), 
metallization, oxidation, chemo-mechanical polishing, etc., 
all intended to finish off an individual layer. If several layers 
are required, then the whole procedure, or a variant thereof, 
will have to be repeated for each new layer. Eventually, an 
array of devices will be present on the substrate (wafer). 
These devices are then separated from one another by a tech 
nique such as dicing or sawing, whence the individual devices 
can be mounted on a carrier, connected to pins, etc. Further 
information regarding such processes can be obtained, for 
example, from the book “Microchip Fabrication: A Practical 
Guide to Semiconductor Processing. Third Edition, by Peter 
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2 
van Zant, McGraw Hill Publishing Co., 1997, ISBN 0-07 
067250-4, incorporated herein by reference. 
The term “patterning device' as here employed should be 

broadly interpreted as referring to a device that can be used to 
endow an incoming radiation beam with a patterned cross 
section, corresponding to a pattern that is to be created in a 
target portion of the substrate; the term “light valve' can also 
be used in this context. Generally, the pattern will correspond 
to a particular functional layer in a device being created in the 
target portion, Such as an integrated circuit or other device 
(see below). Examples of Such patterning devices include: 
A mask. The concept of a mask is well known in lithogra 

phy, and it includes mask types such as binary, alternating 
phase-translation, and attenuated phase-translation, as well as 
various hybrid mask types. Placement of Such a mask in the 
radiation beam causes selective transmission (in the case of a 
transmissive mask) or reflection (in the case of a reflective 
mask) of the radiation impinging on the mask, according to 
the pattern on the mask. In the case of a mask, the Support 
structure will generally be a mask table, which ensures that 
the mask can be held at a desired position in the incoming 
radiation beam, and that it can be moved relative to the beam 
if so desired; 
A programmable mirror array. One example of Such a 

device is a matrix-addressable Surface having a viscoelastic 
control layer and a reflective surface. The basic principle 
behind Such a device is that, for example, addressed areas of 
the reflective surface reflect incident light as diffracted light, 
whereas unaddressed areas reflect incident light as undif 
fracted light. Using an appropriate filter, the undiffracted light 
can be filtered out of the reflected beam, leaving only the 
diffracted light behind; in this manner, the beam becomes 
patterned according to the addressing pattern of the matrix 
addressable surface. An alternative embodiment of a pro 
grammable mirror array employs a matrix arrangement of 
tiny mirrors, each of which can be individually tilted about an 
axis by applying a Suitable localized electric field, or by 
employing piezoelectric actuation devices. Once again, the 
mirrors are matrix-addressable. Such that addressed mirrors 
and unaddressed mirrors will reflect an incoming radiation 
beam in different directions; in this manner, the reflected 
beam is patterned according to the addressing pattern of the 
matrix-addressable mirrors. The required matrix-addressing 
can, for example, be performed using Suitable electronic 
devices. In both of the situations described hereabove, the 
patterning device can include one or more programmable 
mirror arrays. More information on mirror arrays as here 
referred to can be gleaned, for example, from U.S. Pat. No. 
5,296,891 and U.S. Pat. No. 5,523,193, and PCT patent appli 
cations WO 98/38597 and WO 98/33096, which are incorpo 
rated herein by reference. In the case of a programmable 
mirror array, said Support structure may be embodied as a 
frame ortable, for example, which may be fixed or movable as 
required; and 
A programmable liquid-crystal display (LCD) panel. An 

example of such a device is given in U.S. Pat. No. 5.229,872, 
which is incorporated herein by reference. As above, the 
Support structure in this case may be embodied as a frame or 
table, for example, which may be fixed or movable as 
required. 

For purposes of simplicity, the rest of this text may, at 
certain locations, specifically direct itself to examples involv 
ing a mask and mask table; however, the general principles 
discussed in Such samples should be seen in the broader 
context of the patterning means as hereabove set forth. 

For the sake of simplicity, the projection system may here 
inafter be referred to as the "lens'; however, this term should 
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be broadly interpreted as encompassing various types of pro 
jection system, including refractive optics, reflective optics, 
and catadioptric systems, for example, whereby any of these 
types of projection system may either be suitable for conven 
tional imaging or be Suitable for imaging in the presence of an 
immersion fluid. The radiation system may also include com 
ponents operating according to any of these design types for 
directing, shaping, or controlling the projection beam of 
radiation, and Such components may also be referred to 
below, collectively or singularly, as a “lens”. Further, the 
lithographic apparatus may be of a type having two or more 
substrate tables (and/or two or more mask tables). In such 
“multiple stage' machines the additional tables may be used 
in parallel, or preparatory steps may be carried out on one or 
more tables while one or more other tables are being used for 
exposures. Dual stage lithographic apparatus are described, 
for example, in U.S. Pat. No. 5,969,441 and WO 98/40791, 
both incorporated herein by reference. 

In the device manufacturing process, the projection of the 
pattern and the Substrate onto which the pattern is projected 
should be accurately aligned. For example, when a second or 
further layer is to be projected on the substrate, the second or 
further layer should be aligned in accordance with the previ 
ously projected layer(s). 

Because of the desirable accuracy, the alignment may be 
performed in two steps: a pre-alignment and an actual align 
ment. In the pre-alignment step, the Substrate is roughly posi 
tioned, i.e. positioned with certain accuracy, but with less 
accuracy than eventually the desirable accuracy. At the posi 
tion after pre-alignment, the alignment system may be able to 
track any alignment mark on the Substrate and align the Sub 
strate according to the required accuracy. However, this 
method is slow when the accuracy of the pre-alignment is 
rough and the capture range, i.e. the field of view, of the 
alignment system is Small. To speed up the alignment, the 
pre-alignment accuracy may be improved, the capture range 
may be enlarged, or both. 
An important alignment direction of the Substrate is its 

rotation. Accurate (pre-) alignment methods are known, for 
example from U.S. Pat. No. 6,544.805, but these methods use 
predefined marks on the object to be aligned. On the substrate, 
however, there is very little space for any marks. 

SUMMARY 

Embodiments of the invention include a device manufac 
turing method including: providing a Substrate that is at least 
partially covered by a layer of radiation-sensitive material; 
providing a beam of radiation using a radiation system; using 
a patterning device to endow the beam of radiation with a 
pattern in its cross-section; determining an orientation of the 
Substrate; aligning the Substrate and the patterning device 
according to the orientation of the Substrate; and projecting 
the patterned beam of radiation onto a target portion of the 
layer of radiation-sensitive material. 
The above mentioned device manufacturing method may 

be employed using a lithographic projection apparatus 
including a radiation system configured to provide a beam of 
radiation; a Support structure configured to Support a pattern 
ing device, the patterning device serving to pattern the beam 
of radiation according to a desired pattern; a Substrate table 
configured to hold a Substrate; and a projection system con 
figured to project the patterned beam of radiation onto a target 
portion of the Substrate. Hereinafter, the lithographic appara 
tus will be described in more detail. 
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In an embodiment of the present invention, there is pro 

vided an accurate (pre-) alignment method configured to ori 
ent an object. 

In a further embodiment of the present invention, there is 
provided an alignment method configured to orient an object 
that does not necessitate the use of any predefined mark. 
A device manufacturing method according to an embodi 

ment of the invention includes determining an orientation of 
the substrate, wherein determining the orientation of the sub 
strate includes determining a rotation of the Substrate by: 
determining a distance vector in a measurement coordinate 
system between at least two structures having corresponding 
features and of which relative positions are known in relation 
to a pattern coordinate system; decomposing the distance 
vector into a first distance along a first axis of the measure 
ment coordinate system and a second distance along a second 
axis of the measurement coordinate system; and calculating a 
rotation of the pattern coordinate system in relation to the 
measurement coordinate system using the first and the second 
distance. 

In a device manufacturing method using a rotation deter 
mination method according to an embodiment of the present 
invention, any structure on the Substrate may be used to deter 
mine a rotation of a pattern present on the Substrate. The 
structure may be a part of a previously projected pattern, e.g. 
a target portion, or it may be any other structure, possibly 
purposefully present for determining the rotation. 
A substrate onto which a pattern is to be projected may 

have a certain orientation, i.e. a position and a rotation, that is 
known to a lithographic apparatus with certain accuracy, but 
the orientation may need to be determined with a higher 
accuracy before projecting a pattern thereon. Thus, it is desir 
able that the lithographic apparatus determine a rotation and 
a position of the Substrate. 

If there is no previously projected pattern on the substrate, 
the rotation of the substrate may not have to be known with a 
high accuracy. However, if one or more layers with patterns 
are present on the substrate, the rotation should be determined 
with a high accuracy. To determine the rotation, the on the 
Substrate present pattern may advantageously be used. Con 
ventionally, a Substrate includes multiple target portions posi 
tioned in a recurrence grid. On each target portion, a pattern is 
projected. The recurrence grid is thereto known to the litho 
graphic apparatus, so the lithographic apparatus may displace 
the substrate with respect to the projection beam. Having 
multiple target portions with the same pattern in a known 
recurrence grid enables to determine a rotation of the sub 
strate, in particular of the grid on the Substrate, using e.g. the 
target portions. Therefore, no predefined marks are required 
to determine the rotation. 
The rotation of the substrate is relative to the lithographic 

apparatus, in particular to the projection beam. In an embodi 
ment of the invention, there is provided a pattern coordinate 
system associated with the Substrate and a measurement coor 
dinate system associated with the lithographic apparatus. The 
relative rotation may thus be determined as a rotation of the 
pattern coordinate system with respect to the measurement 
coordinate system. 
The pattern and measurement coordinate systems may be 

well-known Cartesian coordinate systems having orthogonal 
axes or may be any other coordinate system as long as the 
relative rotation may be determined as a rotation of the pattern 
coordinate system with respect to the measurement coordi 
nate system. 

In an embodiment of the invention, measurements are per 
formed with at least two structures, e.g. target portions pro 
vided with a pattern, present on the substrate A position of 
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these structures relative to each other is known in the pattern 
coordinate system. Although the structures do not need to be 
predefined marks—please note that they may be predefined 
marks—their known position relative to each other enables 
one to calculate a rotation. The rotation may be determined, in 
an embodiment of the invention, from the actual relative 
positions of the structures compared to relative positions of 
the structures in case the Substrate has a certain known rota 
tion, i.e. the rotation is determined from deviations of the 
relative positions of the structures from certain theoretical 
positions. 
The actual relative positions of the structures may be indi 

cated by a distance vector, in an embodiment of the invention. 
The distance vector indicates the distance and direction 
between the structures and is represented in the measurement 
coordinate system. Thus, the relative positions of the struc 
tures are determined as a distance vector in the measurement 
coordinate system. 

To derive the distance vector, the structures may have cor 
responding features. The corresponding features enable com 
parison of the structures and may define a reference position 
of the structures. This reference position may be a position of 
a corresponding feature or may be a center of gravity between 
multiple corresponding features, for example, or any other 
predefined reference position. A vector between the indicated 
reference positions of the structures may be the distance 
vector. Also other methods to obtain a distance vector 
between the structures may be employed. 

The structures may lie on an axis of the pattern coordinate 
system, for example, or may lie on arbitrary positions in the 
pattern coordinate system. However, lying on an axis or on 
any straight line parallel to an axis may simplify the calcula 
tion of the rotation. 

The distance vector may be decomposed along axes of the 
measurement coordinate system into a first and a second 
distance. From these two distances, the rotation may be cal 
culated. Using goniometry, a rotation angle from these dis 
tances may be calculated. For example, if Cartesian coordi 
nate systems are used and if the relative positions of the 
structures lie parallel to an axis of the pattern coordinate 
system, the rotation is equal to the inverse tangent of the ratio 
of the two distances. However, in any case wherein the posi 
tions of the two samples of the structure are known relative to 
each other in the pattern coordinate system, the rotation angle 
may be calculated using well-known goniometry. 
The structures may have an arbitrary geometry and corre 

sponding features, in an embodiment of the invention. The 
pattern projected onto a target portion may not be known to 
the lithographic apparatus in contrast to the recurrence grid. 
So, if the patterns provided on the substrate are used as the 
structures to determine the rotation with respect to the mea 
Surement coordinate system, the patterns may be unknown to 
the lithographic apparatus and therefore have an arbitrary 
geometry, i.e. they may have any geometry as long as they 
have corresponding features. However, as stated-above, the 
recurrence grid is known. The relative positions of two target 
portions or patterns, and thus a distance vector there between, 
is therefore derivable from the recurrence grid. 

In an embodiment of the invention, the distance vector is 
determined from at least one image of the at least two struc 
tures, the at least one image being acquired by an imaging 
device. To derive the distance vector between the structures, it 
is desirable to detect the corresponding features of the struc 
tures. In present lithographic apparatus, an imaging device 
may be present. With Such an imaging device, such as a 
CCD-camera or the like, one image of the at least two struc 
tures may be obtained, or an image of each of the structures 
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6 
may be obtained. In case of one image of the structures, 
Sub-images of each structure present in the image may be cut 
therefrom. Thus, an image of each of the structures may be 
obtained. In the images, the corresponding features may be 
detected or the images may be compared to determine a 
distance vector between the structures based on the position 
of the corresponding features. 

In another embodiment of the invention, an image of each 
of the at least two structures may be acquired separately. An 
advantage of a method acquiring two separate images is the 
improved accuracy. A resolution of the imaging system, 
defining the size of the smallest details distinguishable in the 
acquired image, is higher when only a small part of the 
Substrate is imaged. A higher resolution, showing Smaller 
details, may improve the accuracy of a measurement of the 
distance vector between the two samples. 
The images are acquired by a measurement system at posi 

tions known in relation to the measurement coordinate sys 
tem. After acquiring a first image, the imaging device and the 
substrate may be moved relative to each other, i.e. translated, 
rotated or both. After moving the imaging device, the Sub 
strate or both, a second image may be acquired. Thereafter, 
more images may be acquired to obtain more images of 
structures having corresponding features, for example to 
improve the accuracy of the measurement results, e.g. a rota 
tion angle. The distance between the imaging positions is 
known. A distance vector between the structures relative to 
the imaging positions is derived from the comparison of the at 
least two images. A vector Sum of the distance between the 
imaging positions and the distance vector relative to the imag 
ing positions provides the distance vector between the at least 
tWO Structures. 

Since two structures on the substrate are to be compared, 
these structures should lie within the field-of-view of the 
imaging device. Therefore, the rotation that may be deter 
mined by the method according to an embodiment of the 
present invention may be limited by the size of the field-of 
view, the number of corresponding features needed for com 
parison, and possibly other properties. As the limitation is 
associated with properties of specific embodiments, such as 
the type of imaging device, the size of the corresponding 
features used, the pitch of the recurrence grid, and the like, the 
limitation will not be described in further detail. 
Comparing two images to obtain a distance vector may be 

performed using conventional techniques. Two images may 
be translated in relation to each other over a number of dis 
tances and in a number of directions. Then, the overlapping 
parts of the two images are Subtracted for each translation. A 
difference value of the overlapping parts of the images may be 
minimized. Also, other well-known, more Sophisticated 
methods such as correlation techniques exist. Such tech 
niques find a maximum correlation between images. Please 
note that correlation is a broad term and should be interpreted 
as such. For example, a correlation is found using a correla 
tion function. A broad variety of such correlation functions 
exists. In the rotation determination and alignment method 
according to an embodiment of the present invention, any 
comparing method suitable for determining a distance 
between structures may be employed. 

In an embodiment of the present invention, the substrate 
may be rotated and the imaging device may be displaced 
essentially along a radius of the Substrate to obtain a separate 
image of each structure. In an existing lithographic apparatus, 
the Substrate is positioned on a rotatable pad and the imaging 
device is mounted Such that it may move in a radial direction 
with respect to the rotation of the pad. With such an assembly, 
i.e. a rotatable Substrate and an imaging device moveable 
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along a radius of the rotation circle, every part of the Substrate 
may be imaged. Using this assembly to image each structures 
separately, the present invention may be employed without 
additional hardware. 

In the rotation determination and alignment method 
according to an embodiment of the present invention, the 
pattern coordinate system may be defined by a recurrence 
grid of a recurrent pattern. In a lithographic apparatus, a 
projected pattern usually includes multiple target portions. 
The target portions may be rectangular and placed in a rect 
angular, i.e. orthogonal, recurrence grid. The recurrence grid 
thus defines two orthogonal axes. These two orthogonal axes 
define a coordinate system that may advantageously be 
employed as a pattern coordinate system. A second or further 
projection on a second or further layer on the Substrate, 
needed for the manufacturing of ICs should have substan 
tially the same orientation as previous projections. As the 
recurrence grid is identical for each projection, the pattern 
coordinate system defined by the recurrence grid is identical 
for each projection and therefore unambiguous. 

Symmetry in the structures may lead to erroneous results, 
especially when using a recurrent pattern. Therefore, the at 
least two structures may be asymmetrical. In a recurrent pat 
tern, the at least two structures may be two from a multiplicity 
of structures having corresponding features. When compar 
ing two images, the system may compare one or more other 
structures than the structures the system intended to compare, 
leading to erroneous results. Using asymmetrical structures 
or structures with asymmetrical positioned corresponding 
features, the possibility of finding and comparing corre 
sponding features of a non-intended structure is negligible. 

In case of a projection in a lithographic apparatus, a space 
between separate target portions, i.e. gridlines or scribe lines, 
may be imaged as a part of the structure. Although the geom 
etry of the structures may be unknown to the lithographic 
apparatus, the position of the structures is known in relation to 
the recurrence grid. An imaging position may be selected 
Such that it is expected to include a scribe line in the image. 
The image of a target portion and a scribe line may be inter 
preted as an asymmetrical structure, in particular when the 
image is Smaller than the recurrent pattern, i.e. a target por 
tion. 

Not only the rotation of the substrate may be desirable, also 
an offset, i.e. a translation, of the pattern coordinate system in 
relation to a measurement coordinate system may be desir 
able. Therefore, in a further embodiment of the present inven 
tion, a translation of the pattern coordinate system in relation 
to the measurement coordinate system may be determined in 
the determination of an orientation of another Substrate, com 
prising: determining a position of a first Substrate using a 
position measurement system; determining a rotation of the 
other Substrate using the same structures having correspond 
ing features as used for determining the rotation of the first 
Substrate; determining relative structure translation vectors 
between the at least two structures of the first substrate and of 
the other substrate; and determining a position of the other 
Substrate using the measured position of the first Substrate as 
a reference position and the structure translation vectors 
between the structures of the first substrate and of the other 
Substrate as a displacement from the reference position. 

Aligning a substrate and a patterning device may require 
not only the same rotation, but also the same position of the 
pattern on the Substrate and the pattern of the patterning 
device. Therefore, it is an advantage to be able to use the same 
determination method for both rotation and position. How 
ever, in the above-described rotation determination method, 
the position of the at least two structures is only known 
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8 
relative to each other and in relation to the pattern coordinate 
system. Therefore, it may not be possible to determine a 
position of the pattern coordinate system with respect to the 
measurement coordinate system directly. 

However, in practice, another measurement system, a posi 
tion measurement system, determines the position of the Sub 
strate, and thus the pattern coordinate system, after determi 
nation of the rotation. Thus, when a second or other substrate 
on which the same pattern is to be projected and having the 
same structures thereon is Supplied to the rotation measure 
ment system, a position of the pattern of a first or at least 
previously measured substrate will be known after the posi 
tion measurement by the position measurement system. This 
measured position of the first substrate may be used for sub 
sequent Substrates as a reference position. 
The rotation determination method may use the same 

structures on each Subsequent Substrate within one batch with 
identical Substrates. Therefore, the rotation measurement sys 
tem may determine a translation of the structures of the sub 
sequent Substrate in relation to the structures of a previously 
measured Substrate. Using the measured position of the pre 
vious Substrate as a reference position, combining the trans 
lation of the subsequent substrate in relation to the reference 
position may provide an estimate of the position of the Sub 
sequent Substrate in relation to the measurement coordinate 
system. As the position measurement takes relatively long in 
present lithographic apparatus, an estimate of the position 
may be used as a pre-measurement and may therefore result in 
a faster position measurement. 
The position of a pattern on a Substrate may be subject to 

variations because of variations originating from placing a 
first pattern on an empty substrate. Because of these position 
variations of the pattern on the Substrate and other errors, e.g. 
resulting from measurement imprecision, the reference posi 
tion may be subject to variations for each pattern and Sub 
strate. In an embodiment of the invention, the reference posi 
tion is being updated after each determination of the position 
of each Substrate by the position measurement system. The 
reference position is thus not determined from one measure 
ment only, from the previous or the first substrate for example, 
but is updated after every position measurement by averag 
ing, or using any other function, resulting in a reference 
position that is determined from multiple position measure 
ments, increasing the accuracy of the estimation. 
A method for aligning a Substrate in a lithographic appa 

ratus, according to an embodiment of the invention, includes 
acquiring images of a first and a second corresponding struc 
ture to determine a first distance vector between the first and 
the second corresponding structure in a measurement coor 
dinate system of the lithographic apparatus, the first and 
second corresponding structure being located on two adjacent 
target portions of the Substrate; determining a second distance 
vector between the first and second corresponding structure 
in a pattern coordinate system; and determining a rotation 
angle of the pattern coordinate system relative to the mea 
Surement coordinate system using the first and the second 
distance vector. 
A person skilled in the art will readily appreciate that the 

orientation detection method according to the present inven 
tion may be employed in any case wherein an object includes 
multiple structures having corresponding features of which 
relative positions are known in relation to a pattern coordinate 
system. 

In another embodiment of the present invention, there is 
provided a lithographic apparatus configured to perform the 
orientation detection method described in the above embodi 
ments of the invention. 
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Although specific reference may be made in this text to the 
use of the method according to the invention in the manufac 
ture of ICs, it should be explicitly understood that such a 
method has many other possible applications. For example, it 
may be employed in the manufacture of integrated optical 
systems, guidance and detection patterns for magnetic 
domain memories, LCD panels, thin-film magnetic heads, 
etc. The skilled artisan will appreciate that, in the context of 
Such alternative applications, any use of the terms "reticle'. 
“wafer, or “die” in this text should be considered as being 
replaced by the more general terms “mask”, “substrate', or 
“target portion', respectively. 

In the present document, the terms “radiation' and “beam” 
are used to encompass all types of electromagnetic radiation, 
including ultraviolet (UV) radiation (e.g. with a wavelength 
of 365, 248, 193, 157 or 126 mm) and extreme ultra-violet 
(EUV) radiation (e.g. having a wavelength in the range 5-20 
nm), as well as particle beams, such as for example ion beams 
or electron beams. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments of the invention will now be described, by 
way of example only, with reference to the accompanying 
schematic drawings in which corresponding reference sym 
bols indicate corresponding parts, and in which: 

FIG. 1 depicts a lithographic apparatus according to an 
embodiment of the invention; 

FIGS. 2A and 2B illustrate a substrate with a wafer pattern; 
FIG. 3 is a graph illustrating a principle of a rotation deter 

mination according to an embodiment of the present inven 
tion; 

FIGS. 4A-4E are schematic drawings illustrating a method 
for acquiring two images from a pattern by rotating a Sub 
strate relative to an imaging device and determining a rotation 
of the pattern therefrom according to an embodiment of the 
present invention; and 

FIG. 5 is a schematic drawing illustrating a principle of a 
translation determination according to an embodiment of the 
present invention. 

DETAILED DESCRIPTION 

FIG. 1 schematically depicts a lithographic projection 
apparatus 1 according to an embodiment of the invention. The 
apparatus includes a radiation system Ex, IL, configured to 
supply a beam PB of radiation (e.g. UV radiation). In this 
particular case, the radiation system also includes a radiation 
Source LA. The apparatus also includes a first object table 
(mask table) MT provided with a mask holder configured to 
hold a mask MA (e.g. a reticle), and connected to a first 
positioning device PM configured to accurately position the 
mask with respect to the projection system (“lens'), item PL. 
The apparatus further includes a second object table (sub 
strate table) WT provided with a substrate holder configured 
to hold a substrate W (e.g. a resist-coated silicon wafer), and 
connected to a second positioning device PW configured to 
accurately position the Substrate with respect to the projection 
system (“lens'), item PL, the projection system (“lens”) PL 
being configured to image an irradiated portion of the mask 
MA onto a target portion C (e.g. including one or more dies) 
of the Substrate W. 
As here depicted, the apparatus is of a transmissive type 

(i.e. has a transmissive mask). However, in general, it may 
also be of a reflective type, for example (with a reflective 
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mask). Alternatively, the apparatus may employ another kind 
of patterning device. Such as a programmable mirror array of 
a type as referred to above. 
The source LA produces a beam of radiation. This beam is 

fed into an illumination system (illuminator) EL, either 
directly or after having traversed a conditioning device. Such 
as a beam expander EX, for example. The illuminator IL may 
include an adjusting device AM configured to set the outer 
and/or inner radial extent (commonly referred to as O-outer 
and O-inner, respectively) of the intensity distribution in the 
beam. In addition, it will generally include various other 
components, such as an integrator IN and a condenser CO. In 
this way, the beam PB impinging on the mask MA has a 
desired uniformity and intensity distribution in its cross-sec 
tion. 

It should be noted with regard to FIG. 1 that the source LA 
may be within the housing of the lithographic projection 
apparatus (as is often the case when the source LA is a 
mercury lamp, for example), but that it may also be remote 
from the lithographic projection apparatus, the radiation 
beam which it produces being led into the apparatus (e.g. with 
the aid of suitable directing mirrors); this latter scenario is 
often the case when the source LA is an excimer laser. The 
current invention and claims encompass both of these sce 
narios. 
The beam PB subsequently intercepts the mask MA, which 

is held on a mask table MT. Having traversed the mask MA, 
the beam PB passes through the lens PL, which focuses the 
beam PB onto a target portion C of the substrate W. With the 
aid of the second positioning device PW (and interferometric 
measuring device IF), the substrate table WT can be moved 
accurately, e.g. so as to position different target portions C in 
the path of the beam PB. Similarly, the first positioning device 
PM can be used to accurately position the mask MA with 
respect to the path of the beam PB, e.g. after mechanical 
retrieval of the mask MA from a mask library, or during a 
scan. In general, movement of the object tables MT. WT will 
be realized with the aid of a long-stroke module (coarse 
positioning) and a short-stroke module (fine positioning), 
which are not explicitly depicted in FIG. 1. However, in the 
case of a wafer stepper (as opposed to a step-and-scan appa 
ratus) the mask table MT may just be connected to a short 
stroke actuator, or may be fixed. Mask MA and substrate W 
may be aligned using mask alignment marks M1, M2 and 
substrate alignment marks P1, P2. 
The depicted apparatus can be used in different modes: 
1. In step mode, the mask table MT is kept essentially 

stationary, and an entire mask image is projected at once (i.e. 
a single “flash') onto a target portion C. The substrate table 
WT is then shifted in the X and/or y directions so that a 
different target portion C can be irradiated by the beam PB: 
and 

2. In scan mode, essentially the same scenario applies, 
except that a given target portion C is not exposed in a single 
“flash'. Instead, the mask table MT is movable in a given 
direction (the so-called "scan direction', e.g. they direction) 
with a speed V, so that the projection beam PB is caused to 
scan over a mask image; concurrently, the Substrate table WT 
is simultaneously moved in the same or opposite direction at 
a speedV=MV, in which M is the magnification of the lens PL 
(typically, M=/4 or /s). In this manner, a relatively large 
target portion C can be exposed, without having to compro 
mise on resolution. 

3. In another mode, the mask table MT is kept essentially 
stationary holding a programmable patterning device, and the 
substrate table WT is moved or scanned while a pattern 
imparted to the beam of radiation is projected onto a target 
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portion C. In this mode, generally a pulsed radiation source is 
employed and the programmable patterning device is updated 
as required after each movement of the substrate table WT or 
in between Successive radiation pulses during a scan. This 
mode of operation can be readily applied to maskless lithog 
raphy that utilizes programmable patterning device. Such as a 
programmable mirror array of a type as referred to above. 

FIGS. 2A and 2B illustrate a substrate 2 including a rect 
angular, orthogonal recurrence grid 6 of target portions 4. The 
substantially circular substrate 2 may be rotated over any 
angle without influencing the recurrence grid 6 of target por 
tions 4. Therefore, the orientation of the substrate 2 as such is 
unimportant in this case. 

Corresponding to the recurrence grid 6, two axes of a 
pattern coordinate system are illustrated. A first axis is the 
x-axis 8 and a second the y-axis 10. As the recurrence grid 6 
in FIG. 2A and the recurrence grid 6 in FIG. 2B are the same, 
the pattern coordinate systems in FIGS. 2A and 2B are the 
SaC. 

Every target portion 4 on one substrate 2 is substantially the 
same in this embodiment, i.e. they have at least corresponding 
features. The structure of target portion 4 may not be known 
to a lithographic apparatus projecting the target portions 4 and 
may have any arbitrary geometry. However, the recurrence 
grid 6, i.e. the formation of the target portions 4, is known to 
the apparatus as it needs to step (or scan) through the recur 
rence grid 6 to project each target portion 4. Therefore, after 
projection, the lithographic apparatus cannot distinguish 
between the substrate 2 of FIG. 2A having a * in the center 
of the target portion 4 and the substrate 2 of FIG. 2B having a 
* in the upper-left corner of the target portion 4, since the 
formation of the target portions is identical. Further, the recur 
rence grid 6 is translated in relation to the * and thus the 
lithographic apparatus is not able to determine a position of 
the recurrence grid 6 from any two structures having corre 
sponding features, but a rotation may be determined as will be 
described hereinafter. 

FIG. 3 shows two target portions 4 (represented by *) 
which lie on one substrate. A straight line through the centers 
of the target portions 4 lies parallel to the x-axis 8 of a pattern 
coordinate system and is perpendicular to the y-axis 10 
thereof. Thus, an orientation of the pattern coordinate system 
is associated with the orientation of the target portions and 
Substrate. A measurement coordinate system has a u-axis 12 
and a V-axis 14, which axes are orthogonal. The measurement 
coordinate system is associated with the illumination system 
of the lithographic apparatus and thus with an orientation of a 
structure to be projected by the illumination system. 

For alignment purposes, for example, the rotation of the 
pattern coordinate system in relation to the measurement 
coordinate system should be known. A rotation angle RZ may 
be defined as the angle between the u-axis 12 and the x-axis 8. 
In this example illustrating two orthogonal coordinate sys 
tems, the rotation angle RZ may be calculated using basic 
goniometry. However, also in cases of other coordinate sys 
tems, the rotation angle RZ may be calculated. 

In FIG. 3, the distance Tx between the target portions 4 
along the X-axis 8 is known to the lithographic projection 
apparatus. The measurement system selects two detection 
positions as if the target portions 4 lie parallel to the u-axis 12. 
However, in this example, the substrate is rotated over an 
angle RZ and therefore a line through the target portions 4 
does not lie parallel to the u-axis 12. Thus, acquiring two 
images 16 and 18 to detect the position of the target portions 
4 parallel to the u-axis 12 provides images wherein the target 
portions are displaced in relation to the images. However, the 
measurement system may not know what structure may be 
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present in the images and is therefore unable to determine a 
displacement in relation to the images. Since the images 
would be identical with respect to the corresponding features 
of the structures, a displacement between the structures may 
be derived from the two images by comparing the corre 
sponding features present in the images. Using this displace 
ment, a rotation of the line through the structures and the 
u-axis 12 may be determined. 

After acquiring two separate images or acquiring one 
image and cutting Sub-images therefrom, the measurement 
system compares the two images 16 and 18 and finds a trans 
lation TV in the direction of the V-axis 14 (v2-V1). Using basic 
goniometry, the inverse sinus of the translation TV in the 
direction of the V-axis 14 divided by the distance Tx provides 
the rotation angle RZ. The distance Tx is known by the litho 
graphic apparatus for stepping or Scanning through the recur 
rence grid, as the distance TX is the distance between the 
target portions 4 in the recurrence grid. 

In addition, from the two acquired images 16 and 18, the 
distance Tu along the u-axis 12 may be determined. Using Tu 
and TV, the inverse tangent of translation TV divided by the 
distance Tu may also provide the rotation angle RZ. Also 
determining other distances and using other calculations may 
provide the rotation angle RZ. 

FIGS. 4A and 4B illustrate a method, according to an 
embodiment of the invention, wherein an imaging device may 
be moveable along a radial direction of a rotatable pad and a 
substrate on the rotatable pad may be rotated relative to the 
imaging device Such that the imaging device may acquire an 
image of each of at least two structures having corresponding 
features. Such an assembly of a rotatable pad and an imaging 
device moveable along a radial direction may be present in 
existing lithographic apparatus. Therefore, it is advantageous 
to use this assembly to obtain images of structures. However, 
as will be shown hereinafter, it may complicate the derivation 
of the distance vector between the structures. 
The position of the pattern coordinate system may not be 

known. Therefore it may be unknown around which point the 
pattern coordinate system is rotated, when the rotatable pad 
rotates. By selecting a center of the rotatable pad as an origin 
of the measurement coordinate system, the origin of the mea 
Surement coordinate system is defined as the center of rota 
tion. Since the pattern coordinate system may be translated in 
relation to the measurement coordinate system, a rotation 
results in an unknown relative displacement of the second 
structure when the second structure is imaged, in relation to 
the position of the first structure. Further, when imaged, the 
second structure will be rotated in relation to the first struc 
ture, as will be explained below. 

FIG. 4A shows a pattern coordinate system having origin 
O, X-axis 8 and y-axis 10, and a measurement coordinate 
system having origin N, u-axis 12 and V-axis 14. The origin of 
the pattern coordinate system O is chosen to lie in the center 
of substrate 2. The pattern coordinate system is translated and 
rotated in relation to the measurement coordinate system. The 
translation is indicated by translation vector 20 between the 
origins O and N. Two identical structures S1 and S2 lying on 
the X-axis 8 are indicated by a triangle with a top upwards. 
Further, an image frame 22 illustrates which region is imaged 
by an imaging device. 

FIG. 4B illustrates the two coordinate systems described in 
FIG. 4A. The pattern coordinate system however has been 
rotated around the origin N of the measurement coordinate 
system over 180 degrees, indicated by rotation vector 24. 
With dashed lines, the substrate and the pattern coordinate 
system at their position of FIG. 4A is indicated. From FIG. 
4B, it will be appreciated that the pattern coordinate system 
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has not only been rotated but also has been translated in 
relation to the pattern coordinate system of FIG. 4A due to the 
rotation around origin N. A rotation translation vector 26 has 
a length twice the length of the translation vector 20 as can be 
seen in FIG. 4B. Since the translation vector 20 is unknown, 
there is an uncertainty where structure S2 will appear after 
rotation of the substrate 2 around the origin N. To determine 
a rotation, the rotation translation vector 26 should be derived 
from the two images. 

Further, structure S2 has been rotated as can be seen in FIG. 
4B since the top of the triangle points downwards. In order to 
compare the corresponding features of structures S1 and S2. 
it is desirable that their orientation be the same. To compen 
sate for the rotation, the second image, i.e. the image of 
structure S2, is rotated around a center of the image over the 
same angle as the rotation of the Substrate 2 around the origin 
Nearlier, but in the opposite direction. 

To calculate a rotation of the pattern coordinate system in 
relation to the measurement coordinate system, the transla 
tion vector 20 or the rotation translation vector 26 should be 
determined, as stated above. How these vectors 20 and 26 are 
derived, will be explained with reference to FIGS. 4C and 4D. 

FIG. 4C shows image frame 22 wherein structure S1 with 
X-axis 8a is indicated with dashed lines at its position accord 
ing to FIG. 4A before rotation. Structure S2 and x-axis 8b are 
also indicated and the rotation translation vector 26 runs from 
structure S1 to structure S2. A center of the image frame 22 is 
indicated as image origin M. The position of origin M is 
known in relation to the measurement coordinate system and 
thus to the u-axis 12, V-axis 14 and origin N. Rotation trans 
lation vector 26 may be derived from this image. Note that 
this image is a virtual image as it is a combination of the first 
image and the second image acquired by the imaging device. 

In FIG. 4D, structure S2 has been rotated around image 
origin M, as indicated by image rotation vector 28, which is 
the same as rotation vector 24, but in the opposite direction, as 
mentioned above. Structure S2 has been translated (image 
rotation translation vector 30) due to the image rotation. By 
comparing the first image and the rotated second image, a 
comparison vector 32 is determined. 
The length of rotation translation vector 26 may now be 

calculated from image rotation translation vector 30 and com 
parison vector 32 by a vector sum, as will be appreciated by a 
person skilled in the art. Knowing the length and direction of 
rotation translation vector 26, the rotation of the pattern coor 
dinate system in relation to the measurement coordinate sys 
tem may be calculated. 

FIG. 4E is similar to FIG. 4A with one added location 
vector P. Location vector P points from the origin of the 
measurement coordinate system N to a virtual location of 
structure S1 in the measurement coordination system. This 
virtual location is determined from the actual location and the 
translation vector 20, which is half of the rotation translation 
vector 26. Structure S1 does not lie on the u-axis 12, only due 
to a rotation of the pattern coordinate system. Therefore, 
location vector P is parallel to the X-axis 8, and an angle 
between location vector Pandu-axis 12 is the rotation angle 
RZ. A person skilled in the art will appreciate how this angle 
may be determined. 
The method described above, wherein the images of the at 

least two identical structures are acquired separately, rotating 
the Substrate around the origin of the measurement coordinate 
system and leaving the imaging device Substantially station 
ary, may be performed using any other Suitable mathematical 
formulae or in any other suitable order. Further, other meth 
ods to acquire more than one image, e.g. translations or rota 
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tions of the imaging device or the Substrate or any combina 
tion thereof may also be employed in another embodiment of 
the present invention. 

FIG. 5 illustrates a method to determine a position of a 
Substrate using the positions of the structures S1, S2, accord 
ing to an embodiment of the invention. Such a determination 
may only be performed for another substrate 2A after a rota 
tion and translation of a first substrate 2 is determined. FIG.5 
shows a first substrate 2 and another substrate 2A. A rotation 
of the first substrate has been determined according to a 
method described in one of the above embodiments of the 
present invention. Further, a position measurement system 
has determined a translation, i.e. a position relative to the 
illumination system, of the first substrate 2. Another substrate 
2A having the same structures S1, S2 thereon is supplied to 
the rotation measurement system. The position of the struc 
tures S1, S2 is determined to determine the rotation. Further, 
the position of the structures S1, S2 may be used to estimate 
the translation of the other substrate 2A. 
The position of structures S1, S2 of the first substrate 2 and 

of the other substrate 2A is compared and two structure trans 
lation vectors 34A, 34B are determined. An average transla 
tion vector 34 may be determined from the two structure 
translation vectors 34A and 34B. In FIG. 5, the translation 
vector 34 is the average of the two structure translation vec 
tors 34A and 34B. The translation vector 34 added to the 
measured position of the first substrate 2 is an estimate of the 
position of the other substrate 2A. 

While specific embodiments of the invention have been 
described above, it will be appreciated that the invention may 
be practiced otherwise than as described. The description is 
not intended to limit the invention. 

Further, although the method of determining a rotation of a 
coordinate system in relation to another coordinate system 
has been presented with regard to a lithographic projection 
apparatus, it will be appreciated that the method may be 
employed in other technical fields as well. 

What is claimed is: 
1. A device manufacturing method comprising: 
patterning a beam of radiation using a patterning device; 
determining a rotational position orientation of a substrate 

by: 
acquiring an image of each of at least two structures 

disposed on said Substrate; 
determining a distance vector in a measurement coordi 

nate system between the at least two structures dis 
posed on said Substrate by comparing the respective 
images of the at least two structures, said at least two 
structures having corresponding features and of 
which relative positions are known in relation to a 
pattern coordinate system different from the measure 
ment coordinate system; 

decomposing the distance vector into a first distance 
along a first axis of the measurement coordinate sys 
tem and a second distance along a second axis of the 
measurement coordinate system; and 

calculating a rotational position of the pattern coordinate 
system in relation to the measurement coordinate sys 
tem using the first and the second distance; and 

aligning the Substrate and the patterning device according 
to the rotational position orientation of the Substrate; and 

projecting the patterned beam of radiation onto a target 
portion of a layer of radiation-sensitive material dis 
posed on the Substrate. 

2. The method of claim 1, wherein the at least two struc 
tures have an arbitrary geometry. 
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3. The method of claim 1, wherein the distance vector is 
determined from at least one image of the at least two struc 
tures, the at least one image being acquired by an imaging 
device. 

4. The method of claim 3, further comprising acquiring an 
image of each of the at least two structures separately. 

5. The method of claim 4, further comprising rotating the 
Substrate and displacing the imaging device essentially along 
a radius of the Substrate to obtain a separate image of each 
Structure. 

6. The method of claim 3, wherein said determining the 
distance vector includes finding a maximum correlation 
between images of the structures. 

7. The method of claim 1, wherein the pattern coordinate 
system is defined by a recurrence grid of a recurrent pattern. 

8. The method of claim 1, wherein the at least two struc 
tures are asymmetrical. 

9. The method of claim 1, further comprising determining 
an orientation of another Substrate by calculating a translation 
of the pattern coordinate system in relation to the measure 
ment coordinate system, said calculating including: 

determining a position of the first Substrate using a position 
measurement system; 

determining a rotational position of the other Substrate 
using same structures, having corresponding features, as 
the at least two structures used for determining the rota 
tional position of the first substrate; 

determining relative structure translation vectors between 
the at least two structures of the first substrate and of the 
other substrate; and 

determining a position of the other Substrate using the 
measured position of the first substrate as a reference 
position and the structure translation vectors between 
the structures of the first substrate and of the other sub 
strate as a displacement from the reference position. 

10. The method of claim 9, wherein the reference position 
is amended after each determination of the position of each 
other Substrate by the position measurement system. 

11. A method for determining a rotational position of an 
object within a lithographic apparatus having an illumination 
system, a Support structure, a Substrate table, and a projection 
system, the method comprising: 

determining a distance vector in a measurement coordinate 
system between two structures on the object by compar 
ing an image of each of the structures said structures 
each having corresponding features and of which rela 
tive positions are known in relation to a pattern coordi 
nate system different than the measurement coordinate 
system; 

decomposing the distance vector into a first distance along 
a first axis of the measurement coordinate system and a 
second distance along a second axis of the measurement 
coordinate system; 

calculating a rotational position of the pattern coordinate 
system in relation to the measurement coordinate system 
using the first and the second distance, and 
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aligning the object in the lithographic system according to 

the rotational position. 
12. A lithographic apparatus comprising: 
an illumination system configured to condition a beam of 

radiation; 
a Support structure configured to Support a patterning 

device, the patterning device serving to pattern the beam 
of radiation according to a desired pattern; 

a substrate table configured to hold a substrate; 
a projection system configured to project the patterned 
beam of radiation onto a target portion of the Substrate; 
and 

an alignment system to align said Substrate with said pat 
terning device, wherein the alignment system must 
acquire an image of each of two structures disposed on 
said Substrate, compare an image of each of the two 
structures to determine a distance vector in a measure 
ment coordinate system between the two structures dis 
posed on said Substrate, said two structures having cor 
responding features and of which relative positions are 
known in relation to a pattern coordinate system differ 
ent than the measurement coordinate system, decom 
pose the distance vector into a first distance along a first 
axis of the measurement coordinate system and a second 
distance along a second axis of the measurement coor 
dinate system, and calculate a rotational position of the 
pattern coordinate system in relation to the measurement 
coordinate system using the first and the second dis 
tance. 

13. A method for aligning a Substrate in a lithographic 
apparatus comprising: 

acquiring images of first and second corresponding struc 
tures to determine a first distance vector between the first 
and the second corresponding structures in a measure 
ment coordinate system of the lithographic apparatus, 
the first and second corresponding structures being 
located on two adjacent target portions of the Substrate; 

determining a second distance vector between the first and 
second corresponding structures in a pattern coordinate 
system different than the measurement coordinate sys 
tem; 

determining a rotational position angle of the pattern coor 
dinate system relative to the measurement coordinate 
system using the first and the second distance vector, and 

aligning the Substrate in the lithographic apparatus accord 
ing to the rotational position angle. 

14. The method of claim 13, wherein the images of the first 
and second corresponding structures are acquired with a 
CCD-camera. 

15. The method of claim 13, wherein the second distance 
vector corresponds to the incremental exposure step of the 
lithographic apparatus. 

16. The method of claim 13, further comprising aligning 
the Substrate based on the rotational position angle. 

k k k k k 


